Some historical remarks concerning the strange stars are briefly discussed. The recent developments in physics and dynamical behavior of strange stars are reviewed. Especially, various observational effects in distinguishing strange stars from neutron stars and related interesting astrophysical phenomena are also discussed.
Introduction
In 1932, shortly after the discovery of the particle "neutron," Landau, while visiting Copenhagen, proposed the possibility of neutron stars, cold, dense stars composed principally of neutrons. Two years later, in 1934, Baade and Zwicky even pointed out correctly that neutron stars could be formed during supernova explosions. In 1939, Oppenheimer and Volkoff built a relativistic theory of neutron stars. However, the observational discovery of neutron star happened rather late. In 1967, Hewish, Bell, Pilkington, Scott and Collins 71 occasionally observed a pulsar, which was soon identified as a rotating neutron star. 61 Hewish was then awarded the Nobel Prize in Physics in 1974.
Though some ideas of quark stars were proposed as early as in 1969, five years after Gell-Mann's prediction of the particle "quark," and Bodmer even touched the concept of strange matter in 1971, no great progress had been made until 1984. In 1984, Witten, and later Farhi & Jaffe, predicted the existence of strange stars by proving their energy lower than neutron stars for rather wide range of QCD parameters, hence, the stable one might be a strange star, not a neutron star. The conjecture has attracted a lot of attentions. Also in 1984, Wang & Lu pointed out the very high efficiency of the nonleptonic weak process (ud ↔ us) within the quark (strange) core in damping away the radial vibration of a neutron star with a strange quark core or a strange star, a key point to the dynamics of strange matter, and implied the very high bulk viscosity 64, 91, 109 in the strange matter. Since then, a lot of developments have been obtained.
In 1986, Alcock et al. studied the structures of the strange stars. They suggested the existence of the crust of a strange star similar to the pre-neutron drip outer layer of a conventional neutron star crust, which makes the radiation from a strange star similar to a neutron star. So, it would be difficult to distinguish strange stars from neutron stars. They even argued that there may be no neutron stars, only strange stars.
About two years after the discovery of the supernova explosion SN1987A, Kristian et al. 82 claimed to have discovered within this SN1987A a 0.5 ms optical pulsar which was disproved about one year later. This wrong discovery, however, promoted the progressive development in the field of strange star, as the submillisecond period for a neutron star is difficult to achieve using reasonable equations of state for normal neutron matter. 51, 56 Though the mass-radius relation is quite different for strange stars and neutron stars for the typical mass of 1.4 M , they do have almost the same radii. In this sense, no rotational difference will appear between neutron stars and strange stars. However, due to the existence of high viscosity in strange matter, 109, 128 the gravitational radiation reaction instabilities, which limit a neutron star to a far lower spin rate than the Kepler limit, will be very effectively damped in a strange star. 91, 134 Hence, strange stars can reach much shorter period than neutron stars. If the pulsar with submillisecond period would exist, it should be a strange star rather than a neutron star.
People are also aware that a strange star might cool quicker than a neutron star. Strange stars or strange matter in neutron stars might be related to a lot of astrophysical phenomena, such as neutrino bursts, γ-ray bursts, gravitational radiation and else.
In 1991, a successful international workshop on Strange Stars was held in Denmark. Details are referred to the Proceedings of that Workshop on Strange Quark Matter in Physics and Astrophysics (ed. Madsen & Haensel) -Nucl. Phys. (Proc. Suppl.), 1991, 24B. After 1991, this is still the very active subject.
However, since predicting neutron star theoretically, people had waited for 35 years to really discover it. If strange stars actually exist, people perhaps could wait not so long to observe it.
Are there strange stars? Do all known neutron stars be really strange stars or some of them be strange stars? All these questions should be answered finally by observations. So, the most important and difficult task is to study carefully the observational effects to distinguish strange stars from neutron stars.
In this paper, we would review recent developments on the studies of strange stars. We in particular emphasize the strange star properties which are different from those of neutron stars.
Basic Equations and Dynamics of Strange Matter

Ideal quark gas
As is well known, neutrons and protons are both composed of quarks. As a high dense system of nucleons, a neutron star, especially its core, might have been deconfined to be a quark system. Therefore, a neutron star might be really a quark star, or a neutron star might contain a quark core. A neutron contains one u quark and two d quarks. However, the quark matter of a neutron star with 1/3u and 2/3d, called two-flavor quark matter or normal quark matter, is not in equilibrium with the inclusion of weak interactions. The strangeness-violating weak process (mainly ud ↔ us) could occur within the quark matter and make it to be strange. In fact, we should have chemical balance between d and s in equilibrium: µ d = µ s . This means that in the extremely relativistic case (neglecting m s ), number densities of d and s should be equal as well: n d = n s . Thus, we have n u = n d = n s . In this case, the quark system itself is already charge neutral. Taking the nonvanishing mass of s quark, namely m s = 0, n s , though still large, will be somewhat less than n d . Therefore, the quark matter in equilibrium should have rather large strangeness (called strange matter). This means that for quark matter, the true ground state should be strange matter (Lu 1991) . The presence of the leptonic weak processes of ue − → sν e , s → ue
e , which give the additional chemical potential balance µ d = µ u + µ e , does not change the main result, and n e ∼ 0.
However, one should consider the nonvanishing mass of s quark, perhaps m s ∼ 100-300 MeV, and also the quark-gluon interaction and the quark confinement. As the exact QCD theory is very much complicated, here we will only phenomenologically use three parameters m s , α c and B to describe the quark matter with α c and B denoting the QCD coupling constant and the vacuum pressure in MIT bag model. It is interesting to note that within reasonable ranges of these parameters, the quark matter in equilibrium should still be strange with strangeness per unit baryon number of about −1 and could be bound and stable even without gravitation and at zero pressure.
77,133
As neutrinos could escape out of the star, the leptonic weak quark processes could lead to strange matter to lose energy and the strange star to cool. This also means that the chemical potential of neutrinos can be taken as zero.
Thermodynamical potentials and equilibrium abundance of particles
To know detailed properties of strange matter, one should have the thermodynamical potentials Ω i which at zero temperature and at nonzero temperature have been given by Farhi & Jaffe 77 and Krivoruchenko & Martemyanov. 83 At zero temperature, we have
here, µ i denotes the chemical potential of particle i, ρ R the renormalization factor which does not influence the calculated results evidently. One may usually take ρ R = 313 MeV.
The number densities of quarks and electrons can be derived from
The charge neutrality requires
Define the abundance of particle i as
here n b = (n u + n d + n s )/3 is the baryon number density. The nonleptonic and leptonic weak processes of quarks lead to the following equilibrium condition:
The particle abundance Y i as functions of m s , α c and n b /n 0 can be determined from these equations, here n 0 is the baryon number density at the nuclear density, ∼ 0.16 fm 
Equation of state for strange matter
The total energy density of strange matter can be expressed as
and the corresponding pressure is
It is worthwhile to note that as m s → 0, α c → 0, the equation of state for strange matter should be
Hence we note that as P → 0, we have ρ → 4B, taking the typical value of B = B 0 ≡ 57 MeV/fm 3 , it will be ρ → 4 × 10 14 g/cm 3 . 133 This equation does not depend upon quark flavor number, 2 so it will be correct either for strange quark matter (m s → 0) or for normal quark matter (m s → ∞). For any intermediate value of m s , Eq. (10) gives the pressure with error less than 4%. Thus, the equation of state for the strange matter is mainly determined by the vacuum energy density B rather than by the strange quark mass m s .
The properties of strange matter are determined by B, α c and m s , and also determined by the renormalization factor ρ R . 77 However, these quantities are difficult to be measured experimentally. In calculation, people usually use their typical values. Farhi and Jaffe 77 presented the relations between m s and B 1/4 for various energies per baryon (E/A) in cases of α c = 0, 0.3, 0.6, 0.9 (cf. Fig. 3 ). The value on each curve denotes E/A in MeV. For E/A < 930 MeV which is the case of iron, the strange quark matter would be stable against conversion into nuclear matter. Here we have not considered any gravitation. Strange matter can be bound and stable even without gravitation and at zero pressure. So, there can even be "strangelets," much lighter than star but heavier than nuclei.
Curves of fixed E/A in the m s − B 1/4 plane for α c = 0, 0.3, 0.6, 0.9 are shown in Fig. 3 . The vertical line at the left of each figure is the minimum B 1/4 for which nonstrange quark matter is unbound. The values marking the nearly horizontal lines in the upper two figures indicate the electric charges per baryon, which should be neutralized by corresponding electrons existing within the strange quark matter. Thus, the electron number density of the strange quark matter is very small comparing with that of the normal nuclear matter. As α c getting large and large, the electric charge per baryon might be negative, as shown in the dotted regions in the lower two figures. In these cases, the charge neutrality requires positrons rather than electrons.
One may ask: could there be any charm and/or other flavor quark stars? Weber et al. 130 and Kettner et al. 79 showed the relative densities of quarks and leptons, n i /n, where n denotes the total quark density in cold, beta-stable, electrically charge neutral quark-star matter as a function of energy density (B 1/4 = 145 MeV). Evidently, charm star could not exist unless at unreasonably high densities (> 10 17 g cm −3 ). Kettner et al. 78 further proved that the charm star is unstable against radial oscillations and thus cannot exist stably in the universe. So, the only type of quark stars that could possess physical significance are strange stars.
Dissipation due to density variation in strange matter
As early as 1984, Witten 133 proposed the existence of strange stars, Wang and Lu
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studied the damping effect of vibrations in strange star. They studied the case of radial vibration. In this case, the dissipation is due to the bulk viscosity. The dissipation rate of the vibrational energy per unit mass averaged over one period (τ ) of vibration can be expressed as
here v = v 0 + ∆v cos(2πt/τ ) denotes the volume per unit mass. There are three situations as shown in Fig. 5 . Let τ relax be the relaxation time which the system in nonequilibrium should take to recover equilibrium through particle processes. For τ relax τ (case a), particle processes are so quick that the system could adjust itself rapidly to approach equilibrium at every time. Hence, the system would follow the same path back and forth in P − v diagram, and make the integral in Eq. (11) to be zero. For τ relax τ (case b), particle processes are so slow that during the vibration almost no process has occurred. The system could also follow the same path back and forth in P − v diagram, and make the integral also to be zero. However, for τ relax ∼ τ (case c), during the vibration, the system relaxes a lot but is still in nonequilibrium. In this case, the backward path will differ significantly from the forward one, processes are irreversible, and the integral in Eq. (11) does not vanish. The electromagnetic and strong interactions belong to the case a, while the weak interaction to the case c. So, the weak processes are rather effective to damp out the radial vibration of a strange star or a neutron star with a strange quark core. Though this reasoning is discussed for a strange star or for a neutron star with strange quark core, it does only relate with strange matter with density variation. Note, m u ∼ m d ∼ 0, while m s ∼ 100-300 MeV. Different masses will give different µ − ρ dependences, here µ denotes the chemical potential, and at zero temperature, µ equals the Fermi level. During vibration, the density ρ changes, then the chemical potentials (µ) for d and s could not keep in balance. This is the very source leading to the irreversible processes and damping away the vibrations in the strange matter. 128, 129 Were m s nearly zero just as m u and m d , there would be no damping at all. Expanding the pressure near equilibrium to the first order disturbance, we have
where n d and n s are the quark number densities of d and s per unit mass, and related by
here, (dn/dt) denotes the net reaction rate of us ↔ ud per unit mass. Obviously, only the 3rd and 4th terms of Eq. (12) contribute to Eq. (11) and can be expressed as
Wang and Lu 128,129 gave 
where
with ξ = (µ s − µ d )/kT . In the above equations, we have used ρ 15 to denote the density ρ in units of 10 15 g cm −3 , m s,150 is the mass of s quark in units of 150 MeV, T 9 is the temperature T in units of 10 9 K. Substituting these equations into Eq. (11), we can obtain the mean dissipation rate of the vibrational energy per unit mass.
Bulk viscosity of strange matter
Wang and Lu
128,129 also calculated the damping of the vibrational energy of a star, found the time scale is very short (in the order of milli-seconds) at some temperatures. Thus the damping is very strong. This means that the bulk viscosity in strange matter is much higher (in many orders of magnitude) than in normal nuclear matter. Haensel, Zdunik and Schaeffer 68 related this damping with the viscosity (they defined the second viscosity). Sawyer 109 and Madsen 91 used this damping effect further to define a coefficient of bulk viscosity, ζ through the following equation
related with Eq. (11) . This coefficient provides a more convenient way to study the dynamical behavior of strange matter and strange stars. The influence of temperature, density, frequency and s-quark mass on the damping effect could be expressed as the coefficient to be a function of these physical quantities. 32, 33 in some approximation, considered the influence of strong interaction on the quark weak processes, proved that this influence depresses the bulk viscosity at low temperature and raises it at high temperature. In order to obtain the global properties of a strange star, we should also integrate the Tolman-Oppenheimer-Volkoff equations:
based on the equation of state for strange matter Eq. (10) . Here, G is the gravitational constant, and the boundary conditions are: M → 0 as r → 0 and P → 0 at the surface. Figure 6 shows the ρ−r relations. and 2. The interior density is approximately constant for the mass of strange star M ≤ 1.4 M . The necessary condition for a stable compact star is here, M is the total mass of the star. Figure 7 shows the M − ρ c relation 2 for stable strange stars. Evidently, the maximum mass of a stable strange star is approximately 2 M . Contrary to the case of neutron stars, there is no minimum mass for stable strange stars. Recently, Colpi and Miller 29 studied the M − ρ c relation for rotational strange stars, and found the maximum mass of strange star is approximately 2.4 M . These calculations are based on the value of B 0 . For other values of B, Witten 133 obtained the maximum values of masses, radii and densities at center of strange stars as follows:
(24) Figure 8 shows the relations between total mass and radius of strange stars. 2 For comparison, the mass-radius relations for neutron stars with different equations of state are also shown in this figure. Note, for strange stars with mass M < 1 M , their radii are smaller than those of neutron stars. Due to the quark confinement and the strange matter being approximately regarded as an ideal Fermi gas, a low-mass strange stars has M ∝ R 3 , while the internal strong interaction of a neutron star leads the total mass of a neutron star to decrease as its radius increases. The big difference of this global property between strange stars and neutron stars ( Fig. 8 ) seems to be important for distinguishing strange stars from neutron stars. Unfortunately, for the typical stellar mass 1.4 M as inferred from PSR 1913 + 16, this global property is quite similar for strange stars and neutron stars leading to the extreme difficulty for this task.
Birth of strange stars
If the true ground state is a strange star rather than neutron a star. Then, one may ask: how can a neutron star be converted into a strange star?
There might be two possible ways to make this conversion. First, if there is a seed of strange matter at some place within a neutron star, neutrons surrounding the seed will be absorbed by it and be deconfined to be strange matter. Hence, the strange-matter seed can become bigger and bigger rapidly until the whole star converting a strange star. 98 In fact, neutrons are charge neutral, they can easily diffuse into the seed and be deconfined. Second, if the neutron matter at some place within a neutron star happens to be deconfined into two-flavor (u and d) quark matter, it will be converted into three-flavor (u, d and s) strange matter within less than 0.1 µs. 34, 35 This means that once there happens to be some quark matter within a neutron star, it will be quickly converted into strange matter, and then the whole star will become a strange star. 98 the core will get bigger and bigger, r s will increase with time. This process shows the conversion of a neutron star to a strange star. In Fig. 9 , the variation in the moment of inertia of the star is shown during the conversion. Evidently, as a neutron star is converted into a strange star, the moment of inertia changes a lot. This may appear as a giant glitch observationally. It is very interesting to note that the amplitude of the glitch is mainly determined by the equation of state for neutron matter, while the time scale of the glitch is mainly determined by the equation of state for strange matter. This provides a way to study the equations of state of compact stars.
The combustion mode summarized above is deflagration (or slow combustion). The other mode is detonation (or fast combustion), which was first suggested by Horvath & Benvenuto. 72 Lugones et al. 89 used different equations of state for neutron matter to study the combustion mode of nuclear matter into strange matter, and showed that the mode is hydrodymacally unstable and thus the actual mode may be detonation. The combustion of a neutron star into a strange star may need the occurrence of a strange-matter seed in the neutron star, which may be formed during the conversion of neutron matter into two-flavor matter at a density of 5-9ρ nucl .
12 In a realistic moderate stiff equation of state, 132 this density corresponds to 1.8 to 2 M . Following this idea, Cheng & Dai 24 proposed some neutron stars in low-mass X-ray binaries can accrete sufficient mass to undergo phase transitions to become strange stars. This model was further suggested a source mechanism of cosmological gamma-ray bursts.
Of course, protoneutron stars formed during supernovae may convert to strange stars. 53 As pointed out by Dai, Peng & Lu, 38 the physical process for the conversion is very likely to consist of two distinguishable processes. The first is a phase transition from nuclear matter to two-flavor quark matter. The second is conversion of the two-flavor quark matter to more stable three-flavor quark matter. These authors found that the timescale of the conversion is below 10 −7 s. Owing to this conversion both the temperature in the inner core and neutrino energy in the whole core increase significantly. Therefore, such phase transitions may be helpful to supernovae because of the increase of shock-wave energy. 10 considered the effects of strong interactions, finite temperature and strange quark mass, re-studied the burning of two-flavor quark matter into strange matter in neutron stars and in supernova cores, and found that the temperature in the inner core and neutrino energy in the whole core increase as compared with the results of Dai, Peng & Lu 38 by small factors.
However, there are some astrophysical arguments against the existence of strange stars. It has been pointed that the disruption of a single strange star can contaminate the entire galaxy and essentially all "neutron" stars are strange stars, 18 which is also called the Caldwell-Friedman effect. This conflicts with the relaxation behavior of pulsar glitches, which is well described by the neutron-superfluid vortex creep theory ( 7, 8, 9, 103 and current strange-star models scarcely explain the observed pulsar glitches. Furthermore, if γ-ray bursts are the consequence of the merger of two compact stars, even a single merger event involves a strange star, and all pulsars are then strange stars. 80 On the other hand, these arguments do not necessarily disprove the existence of strange stars for the following reasons. (i) In order to disrupt a strange star, its companion must also be a very compact object, e.g., a neutron star or a black hole but not a white dwarf because the tidal force must be strong enough to disrupt the strange star. According to the standard evolution model of millisecond pulsars, which is expected to be the progenitor of strange stars in our model, its companion is a low-mass white dwarf. The subsequent evaporation process can further reduce the mass of the white dwarf and may eventually totally remove this companion star. 6 At least in the strange star formation model by accretion induced phase transition, 24 (ii) If the core of a strange star consists of quantized fluxoids and vortex lines, then the relaxation of a strange star glitch will be very similar to that of ordinary neutron stars. 22, 23 Furthermore, even strange stars are created directly in supernovae explosion, the Caldwell-Friedman effect may not occur by the following arguments. According to the current theories, the close neutron star-neutron star binaries, e.g., Hulse-Taylor binary, are evolved from high mass binaries. We believe that the strange star-neutron star binaries should also be evolved from high mass binaries if they exist. It appears that the masses of protoneutron stars will mainly concentrate in about 1.73 M (1.4 M ) if the masses of the progenitors are larger (less) than 19 M . 119 The accretion of the newly born neutron stars can make the masses over the phase transition masses. However, there are some reasons which might make these binaries difficult to form. We have just suggested that the strange stars may be formed by a supernova explosion, in which the core mass of the progenitor is about 1.73 M . In this case, the companion star will either be rejected during the supernova explosion, if the orbit is too wide, or spiral in and merge with the massive core of the progenitor during phase of common envelope evolution.
Surface structure of strange stars
In order to give a rough picture, Alcock et al.
2 developed a method to describe the structure of a strange star near its surface based on simple Thomas-Fermi approximation.
Usually the net quark charge in the strange star is slightly positive, it must be balanced by electrons. At the surface of a strange star, the quarks bound by the confinement due to strong interactions have very sharp surface with thickness of the order of 1 fm. On the contrary, the electrons bound by the Coulomb force can extend several hundred fermis beyond the quark surface. So, in a thin layer of several hundred fermis thick above the strange matter surface, a strong electric field is established. It is estimated to be about ∼ 10 17 V cm −1 and outwardly directed.
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This large outward-directed electric field could effectively prevent normal nuclear matter from falling into the strange core and be capable of supporting it, leading to birth of a thin crust. A strange star may acquire its crust during its creation in a supernova, or by accretion from the interstellar medium. 58, 60 Thus, the strange star with crust can be regarded as a sandwich structure of strange core -gap -normal nuclear crust. There are no quarks, only electrons, in this gap with thickness only about several hundred fermis.
In the degenerate case (low temperature), the number density of electrons n e can be locally related with the electron Fermi momentum p e n e = p 3 e 3π 2 (25) (in the unit system of c = = 1). Equilibrium implies that p e = V , here V is the electrostatic potential energy. Then the local charge distribution generates the potential so Poisson's equation reads:
where z is a space coordinate measuring the height above the quark surface, α the fine-structure constant, V 3 q /3π 2 the quark charge density inside the quark matter, V the potential energy, and V c the electron Fermi momentum deep in the crust, it describes the positive charge density of the ions within the crust, z G the gap width between the strange matter surface and the base of the crust. In fact, V q and V c are the boundary values of the above equation: V → V q as z → −∞, V → V c as z → +∞. Meaningful solutions to the above equation occur only if V c < V q .
As the crust gets bigger and bigger, the density at the base of the crust (ρ crust ) will be higher and higher. When (ρ crust ) reaches the neutron-drip point (that is, ρ crust ≈ ρ drip ∼ 4.3 × 10 11 g cm −3 , A = 118, Z = 36), neutrons will begin to drip out and fall freely into the strange core and be deconfined into strange matter.
For the nuclear matter at the neutron-drip point, Alcock et al. some place z < 0 fm to integrate Eq. (26) . Their numerical calculation proceeded until V = V c was obtained at some outer place. They denoted this place as the base of the crust, and the corresponding z as z G . Because of perfectly neglecting the gravitation, they regarded the crust as completely neutral. Thus V would be constant within the crust, and the third of Eq. (26) be in fact unnecessary in their calculating procedure. From numerical results, they drew the following conclusions: (i) the electric field at the surface of a strange star can be as strong as ∼ 5 × 10 17 V cm −1 ; (ii) for nuclear matter of ρ c = ρ drip , z G ≈ 328 fm; (iii) the probability for the ions at the base of the crust to penetrate the gap through tunnel effect is very small, so that the crust can safely exist; (iv) the maximum density at the base of the crust is ρ drip , beyond which free neutrons will fall into the strange core and be converted into the strange matter. V as functions of z near the surface of a strange star are shown in Fig. 10, (a) Though a strange star can be bound even without gravitation, its crust can not be bound to the strange star without gravitation. In the case of ρ crust = ρ drip , the crust of a strange star is almost identical to the outer crust of a neutron star. However, unlike a neutron star, the strange star has no inner crust. We have discussed the crust properties with the strange quark core fixed. In recent years, Glendenning and his co-workers 59,60 studied systematically the core-crust system based on two-component scheme. They considered the various masses of the strange core, so the masses of crust could also cover very large range. In this scheme, people could even consider the case of very small or even zero mass of strange core, while the mass of the crust might be as large as or a little larger than 1 M . These objects could cover the kinds of white dwarfs and planets -strange dwarfs and strange planets. 
They used the BPS
15 equation to describe the equation of state of the crust and the Eq. (10) to describe that of the strange core. The equation of state of the corecrust system is shown in Fig. 11 , the connection between the core and the crust in the P − ρ diagram can be any horizon line below P drip (the pressure corresponding to the density ρ drip ).
Sequences of strange stars with nuclear crusts
Glendenning et al. 59, 60 used two parameters to describe the core−crust system, defined by the density near the base of the crust (ρ crust ), and for a fixed value of that, the central density of the strange core (ρ c ). This system shows the whole sequence, from strange stars, the counterparts of neutron stars, to strange dwarfs, the counterparts of ordinary white dwarfs. The mass-radius relationship of this sequence for the case of ρ crust = ρ drip is shown in Fig. 12 . For comparison, the sequence of ordinary neutron stars (constructed for the relativistic Hartree-Fock equation of state HFV of Weber & Weigel 131 ) and white dwarfs is also shown there. In this figure, the arrows at "a" and "b" denote the lightest star of each sequence, "c" refers to the most massive dwarf star, the strange sequence terminates at "d", and NS = neutron star, SS = strange star, wd = white dwarf, sd = strange dwarf. The minimum mass of the strange star sequence ("b" point in Fig. 12 ) is about M min ∼ 0.017 M (about 17 Jupiter masses). However, if we choose ρ crust ρ drip , we can have much smaller value of M min .
Strange stars located to the right of "b" consist of small strange cores (R core ≤ 3 km) surrounded by a thick nuclear crust (made up of white dwarf material) and are called strange dwarfs. Note, the ordinary white dwarfs terminate at low mass in planetary objects, while the strange objects terminate, when the strange core has shrunk to zero radius, still at a white dwarf. In the dwarf region, the direction of decreasing central density is different on the strange dwarf and white dwarf sequences.
Gravitational mass versus strange-core radius of sequences of strange stars with densities at their bases of: (1) 4.3 × 10 11 g/cm 3 (ρ drip ); (2) 5 × 10 9 ; (3) 10 8 , and (4) 10 7 are shown in Fig. 13 . 60 The point "c" in this figure corresponding to maximummass strange dwarfs, which do not exist for sequences with ρ crust 10 9 g cm −3
(cases 3 and 4). Stars to the left of "c" are unstable against compressional modes. For the minimum mass of the stars, the core radii are: 0.4 ≤ R core ≤ 3 km. Different density profiles of white dwarf and strange dwarfs of the same mass of M = 0.6 M are shown in Fig. 14 , in which, the densities at the base of the crust of strange dwarfs are 4 × 10 11 g cm −3 (solid), 10 9 g cm −3 (dot-dashed), and 10 7 g cm −3 (dotted). In Fig. 13 (cases 3 and 4) , we see that if the density at the base of the crust lies below ∼ 10 9 g cm −3 , as the strange core shrinking to zero, the star would become a stable ordinary white dwarf. However, it is worthwhile to note that for the densities at the base of the crust above ∼ 10 9 g cm −3 , there can be a new class of strange dwarfs, as seen in cases 1 and 2 of Fig. 13 . We know that there are no stable ordinary white dwarfs with central densities higher than ∼ 10 9 g cm −3 . The strange dwarfs with densities at the base of their crusts higher than ∼ 10 9 g cm −3
(less than 4 × 10 11 g cm −3 ) become an entirely new class of dwarfs, which could be stable due to the presence of the strange core and would be unstable without it.
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This class of dwarfs has nuclear material 400 times more dense than the central density of the maximum-mass white dwarf and 4 × 10 4 that of the typical 0.6 M white dwarf. Figure 14 shows these properties clearly.
4.3.
Further discussions about the maximum density at the base of the crust of a strange star Alcock et al. 2 argued that the force of strong electric field on a single nucleus overwhelms the force of gravity, so the latter can be neglected. This leads them to the conclusion that the gravity has no influence to the crust mass, the only limit on the crust mass is determined by the neutron drip. Based on this reasoning, in the above, the maximum density at the base of the nuclear crust has been regarded as the neutron drip point ρ drop .
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However, Huang and Lu 74, 75 stressed that the crust is only weakly charged (nearly neutral), the electric force on the crust is rather weak, mechanical balance should be held between electric and gravitational forces on the crust, rather than on a single nucleus. In real calculation, Huang and Lu 74, 75 consider the balance between the electric force and the pressure which is determined by gravitation. Based on this analysis, they resolved Eq. (26) in a self-consistent way. Contrary to Alcock et al.,
2 according to Huang and Lu, 74,75 the crust, especially near its base, is not neutral, V will not be constant there, V c does not denote the electron potential energy at the base of the crust, but denotes the potential energy at some outer place (denoted as z p ) within the crust. Thus, at the base of the crust, V (z G ) = V c . Only at z ≥ z p , one could have V (z ≥ z p ) = V c . Just this nonneutral layer between z G and z p provides the nonvanishing electric force to balance the gravitational force on the crust. As the pressure P crust at the base of the crust is determined by the gravitation on the whole crust, we can consider the balance in terms of pressure locally. Consider the thin layer of nonzero charge between z G and z p . There is the vacuum below this layer, the corresponding pressure will be zero. On the upper side, the pressure should almost be the pressure (P crust ). Thus, the force downward on a unit area of this layer is just the pressure P crust which should be balanced by the "electric pressure P E " with P E defined as the force by the electric field on the charge within a unit area of the thin layer. So, the balance condition can simply be written as P c = P E .
Huang and Lu 74,75 resolved Eq. (26) self-consistently as follows: For a given density of ρ = ρ crust near the base of the crust, the corresponding pressure P = P crust can be evaluated according to the equation of state, for which they used that of Baym et al. 15 For an arbitrarily chosen z G , they integrated Eq. (26) from a deep place of z < 0 outward until V = V c . The z corresponding to V = V c is denoted as z p . The layer in the crust from z G to z p is not neutral. The force on this layer due to electric field can be calculated, and the equivalent pressure P E resulting from this force can easily be found. Usually, P E = P c . One may adjust z G until P E = P c , then the final solution of z G is obtained, from which the final z p can be readily calculated. For different ρ crust , we will have different z G and z p , and then have also different crust mass M crust . An evident difference between the calculating procedures of Huang-Lu and of Alcock et al. is that the third equation of Eq. (26) is not used by Alcock et al. but really used by Huang and Lu. c . In Fig. 15 , relations of z G and z p to ρ crust are plotted. Note that the abscissa "0" corresponds to ρ crust → 0, while the abscissa "−∞" corresponds to ρ crust → ρ drip . Evidently, z G is already very small when ρ crust is still far lower than ρ drip . As Alcock et al. 2 pointed out and many authors adopted that the reasonable lower limit of z G is 200 fm. As the lattice spacing in the crust is ∼ 200 fm, if z G ≤ 200 fm, the above smooth description of crust would not be correct. If we also use this criterion, then the maximum density at the base of the crust should be about
This means that at a crust density still far lower than the neutron-drip density, the crust would begin to break down. Figure 16 shows the relation of the crust mass to the gap width. If we take z G = 200 fm as the gap limit, then the maximum mass of a crust should be about 3.4 × 10 −6 M . Figure 17 further shows that the relations of M crust (M ) to M core (M ) for ρ crust = ρ drip and ρ crust = (1/5)ρ drip . For the most interesting mass range of 0.01 to 2 M , two cases of ρ crust = ρ drip and ρ crust = (1/5)ρ drip have quite different crust mass. Kettner, Weber, Weigel and Glendenning 79 considered the structure of strange stars at finite temperatures. They performed a perturbation expansion of pressure and particle density about their zero temperature values and kept the lowest-order terms. Figure 18 shows the gap width z G versus the crust potential V c . The labels refer to temperature in MeV. Evidently, the higher the temperature is, the smaller the gap width would be. 
The Observational Phenomena Related to Strange Stars:
Rotation, Cooling, Burst Phenomena and Gravitational Radiation
As the crust of a strange star is very similar to the outer crust of a neutron star, both will have almost the same magnetosphere. So, they will look very similar. It is a very difficult task to distinguish strange stars from neutron stars. In order to distinguish them observationally, we must study their different features carefully which may reflect differences on their observational signals.
Radial vibrations of strange stars
In the case of radial vibrations, one can write the vibrational energy of a neutron star as
where R is the radius of the neutron star and the coefficient B B ≈ 10 53 3 × 10
Obviously,
The decrease of the vibrational energy of a neutron star should appear as the increase of its thermal energy W (T ) (as a function of temperature T ) which takes the form
where C is a coefficient, approximately
For M = 1 M , M q = 0.2 M (M q denotes the total mass of the quark matter in the core of the neutron star), ρ 15 = 0.6, τ = 4 × 10 −4 s, 19 Wang and Lu
128,129
made a numerical calculation based on Eqs. (11), (16) and (17) 
Maximum rotation frequency of strange stars
The spin rate or rotation period of a neutron star or a strange star can be measured very accurately. Figure 8 shows that for the same stellar mass, the radius of a strange star is usually smaller than that of a neutron star. This seems to make the strange star to be able to spin faster than the neutron star. Unfortunately, for the typical mass 1.4 M , the radius of a strange star is approximately the same as a neutron star. However, the different viscosity between strange matter and neutron matter 109, 128 may make important influence to the dynamical behavior of these stars. As is well known, the spin rate of a pulsar should be limited by Kepler condition. When its spin rate exceeds the Kepler speed, 84 the pulsar will be unstable, matter will flow out from its equator. However, gravitational radiation reaction instabilities is supposed to set the spin rate limit for neutron stars far lower than the Kepler limit. The shear 65 and especially bulk 109, 128 viscosities can damp away the gravitational radiation reaction instabilities. Due to very high viscosity in strange matter, the spin rate of strange stars can be much closer to the Kepler limit than that of neutron stars. 91, 134 This provides an important way to find strange stars observationally. If once a pulsar with submillisecond period could be discovered, it might probably be a strange star rather than a neutron star.
Signal of quark deconfinement from the braking indexes of pulsars
Quark matter may occur as a permanent component of neutron stars in their dense high-pressure cores. However, no means of detecting its presence has been found because the properties of neutron stars, strange stars and neutron stars with quark matter cores are expected to be very similar. Recently Glendenning, Pei & Weber
57
studied the spin-down behavior of a rotating star which changes internal structure as the star spins down. We know that pulsars are born with an enormous store of angular momentum and rotational energy which they radiate slowly over millions of years through magnetic dipole radiation and neutrino emission. When rotating rapidly, a pulsar is centrifugally flattened. The interior density will rise with decreasing angular velocity and may attain the critical density for a phase transition. First at the center and then in an expanding region, matter will be converted from the relatively incompressible nuclear-matter phase to the highly compressible quark-matter phase. The weight of outer layers of nuclear matter will compress the quark matter core, the entire star will shrink, and the moment of inertia thus will decrease anomalously with decreasing angular velocity as the new phase slowly swallow the nuclear matter in the surrounding. 39 Glendenning et al. 57 calculated the change in the braking index of a spin-down pulsar during this phase transition, and found several important features such as the braking index many orders of magnitude larger than the canonical value and the high occurrence with one in a hundred pulsars which may be passing through this phase.
Cooling of strange stars
The thermal radiation from the surface of a star is a very promising discriminant between strange stars and ordinary neutron stars. Because the neutrino energy loss rate in strange matter is much higher than that based on the modified Urca processes in neutron matter, as studied by Iwamoto 76 and Pizzochero, 105 the surface temperature of a young strange star is lower than that of an ordinary neutron star of the same age. Dai, Lu, Wei & Song 36 further compared the cooling curves of neutron stars and strange stars with the observed surface temperature of PSR 0656 + 14, and concluded that PSR 0656 + 14 might be a strange star by assuming that other rapid cooling mechanisms in neutron stars are absent. Cheng & Dai 25 studied the cooling of strange stars at the age up to 10 8 yr if chemical heating in these spin-down stars was included.
For a strange star, its core contains u, d, and s quarks and electrons, whose relative concentrations are adjusted by the direct Urca quark reactions. The equilibrium concentration of particles of each kind depends on density. As the star spins down due to the magnetic dipole radiation, the centrifugal force decreases continuously, increasing the star's internal density. This changes the chemical equilibrium state throughout the core. Since the relaxation of the relative particle concentrations requires a finite amount of time, as compared with the spin-down timescale, the star is never exactly in chemical equilibrium, so energy is stored. In addition, the finite departure from chemical equilibrium modifies the reaction rates. If the departure from equilibrium is large enough, the net effect of the reactions is to increase the thermal energy at the expense of the stored chemical energy. We refer to this heating mechanism as "chemical heating". This mechanism in the neutron star models was recently studied by Reisenegger. 107 Cheng & Dai 25 showed that the surface temperature of a strange star at an age up to 10 8 yrs is lower than that of an ordinary neutron star of the same age when the chemical heating effect is considered. This could provide a definite observational signature for strange stars.
Schaab et al. 110 found that the direct Urca process can be forbidden not only in neutron stars, but also in strange stars for small the strange quark mass and small the strong coupling constant. In this case, strange stars cool slowly and their temperatures are more or less indistinguishable from those of slowly cooling neutron stars. They investigated the case of enhanced cooling again, and found that strange stars cool significantly more rapidly than neutron stars within the first ∼ 30 yr after birth. This result may become particularly interesting if continued observation of SN 1987A reveals the temperature of the pulsar that may reside at its center.
Strange stars with low-mass normal-matter atmospheres as some black hole candidates
The strange stars studied previously have thin crusts similar to the outer crusts of neutron stars. It is well known that the temperatures in the interiors of both neutron stars and strange stars at the moment of their formation are very high, e.g., on the order of a few times 10 MeV. The mass of gas that is ejected from the surface of such a hot neutron star during ∼ 10 s since its formation is about 10 −3 M to 10 −2 M . This value is considerably larger than the upper limit on the mass of normal-matter envelopes of strange stars. Therefore, it is natural to expect that if any normal matter remains at the surface of a strange star at t 10 s, its mass is many orders smaller than the maximum. Such stars are in fact bare strange stars with low-mass normal-matter atmospheres. In the process of gas accretion onto such a strange star, the stellar atmosphere has to pass through the stage with ∆M 10 −5 M before the maximum.
Usov 122 studied the emissivity of X-ray photons from the low-mass normalmatter atmosphere of a bare strange star. He found that a small amount of normal matter at the quark surface with the temperature in the range 10 7 K -6 × 10 9 K is enough to produce X-rays with high luminosity L X ≈ (10 32 −
For a total atmosphere mass ∆M ∼ 10 −20 to 10 −19 M , this luminosity may be as high as the Eddington limit. The mean energy of X-ray photons radiated from such a low-mass atmosphere of a strange star is ∼ 30-300 times greater than the mean energy of X-ray photons radiated from the surface of both neutron stars and a strange star with the maximum crust for a fixed temperature at the stellar core. This raises the possibility that some black hole candidates with hard X-ray spectra are, in fact, bare strange stars with low-mass envelopes.
Recently, Usov 123 showed that the Coulomb barrier at the quark surface of a hot strange star may be a powerful source of e + e − pairs which are created in an extremely strong electric field of the barrier and flow away from the star. He found that the luminosity in the outflowing pair plasma depends on the surface temperature T s and may be very high, up to ∼ 3 × 10 51 ergs/s at T s ∼ 10 11 K. Such a high luminosity may contribute to an initial fireball available for a γ-ray burst formed through the mechanism proposed by Cheng & Dai. The recent observational results from the BATSE detector on the Compton GammaRay Observatory 50 strongly suggest that the sources of weak γ-ray bursts are at cosmological distances. 92 Prior to the BATSE observations, several authors 44, 97, 100, 101 proposed that γ-ray bursts arise at cosmological distances in the merger of binaries consisting of either two neutron stars or a neutron star and a black hole. However, the fireball produced by the neutron star merger will be overloaded with baryons which makes gamma-ray production very difficult. 94, 95 Cheng & Dai 24 argue that the conversion of neutron stars to strange stars is another possible origin of γ-ray bursts because the baryon contamination in strange star is small. They suggest that such a process can take place in the low mass X-ray binary systems where the mass transfer from the companion to the neutron star can be larger than 0.5 solar masses. If the neutron star in the low mass X-ray binary starts with 1.4 M , based on the modern equations of state, 132 after accreting matter of 0.5 M , their central densities can reach the deconfinement density. Once this condition is satisfied, strange-matter seeds are formed in the interiors of the stars. After a strange-matter seed is formed, the strange matter will begin to swallow the neutron matter in the surroundings. While it has been proposed 98 that the combustion corresponds to a slow mode, subsequent work 72 shows that this mode appears to be hydrodynamically unstable. Thus the conversion should proceed in a detonation mode. The total kinetic reaction of the detonation mode has two stages: the formation of two-flavor quark matter, and the weak decays that form strange matter. Since the second process enhances the thermal energy at the expense of the chemical energy of twoflavor quark matter, 38 the temperature in the stellar interior will increase to more than 10 MeV. In addition, the timescale for the conversion of a neutron star to a strange star is smaller than 1 s. The resulting strange star 58 has a thin crust with mass ∼ 2 × 10 −5 M and thickness ∼ 150 m, but because the internal temperature is so high (∼ 10 11 K), the nuclei in this crust may decompose into nucleons. Approximating strange matter by a free Fermi gas, we obtain the total thermal energy of the star, E th ∼ 5 ×
, where ρ is the average mass density, R 6 the stellar radius in units of 10 6 cm, and T 11 the temperature in units of 10 11 K. Adopting ρ = 8ρ 0 , R 6 = 1, and T 11 = 1.5, we have E th ∼ 5 × 10 52 ergs.
The star will cool by the emission of neutrinos and antineutrinos, and because of the huge neutrino number density, the neutrino pair annihilation process νν → e + e − operates in the region close to the strange star surface. assumed that the thermal energy of the star is wholly lost in neutrinos. The process, γγ ↔ e + e − , inevitably leads to creation of a fireball. However the fireball must be contaminated by the baryons in the thin crust of the strange star. If we define η = E 0 /M 0 c 2 , where E 0 = E 1 + E 2 is the initial radiation energy produced (e + e − , γ) and M 0 is the conserved rest mass of baryons with which the fireball is loaded, then, since the amount of the baryons contaminating the fireball cannot exceed the mass of the thin crust, we have η ≥ 5×10 3 and the fireball will expand outward. The expanding shell (having a relativistic factor Γ ∼ η) interacts with the surrounding interstellar medium and its kinetic energy is finally radiated through nonthermal processes in shocks.
94,95
Ma & Xie 90 also studied the phase transition of neutron matter to strange matter as the energy source of a γ-ray burst. They discussed the possible supergiant glitch during the phase transition as a neutron star spinning down. The energy released in this glitch can account for a γ-ray burst at cosmological distance.
Gravitational radiation from rapidly spinning and oscillating strange stars
During the conversion of neutron stars to strange stars, the radial oscillations will be excited. It is generally believed that millisecond pulsars are originated from lowmass X-ray binaries. 6 Therefore, an oscillating and rapidly rotating strange star would be produced after a neutron star of 1.4 M accreting 0.5 M mass from its companion. 24 Chau 21 pointed out that such an oscillating and rotating compact object can radiate strong gravitational waves. However, it is not clear that these oscillations will damped out by gravitational radiation or viscosity. It has been shown that the damping time scale due to bulk viscosity is larger than 10 seconds for a high temperature star kT > 10 MeV. 33, 91 On the other hand, the gravitational damping time scale is
where M 1.8 is the stellar mass in units of 1.8 M , and P is the stellar rotation period. Hence, the gravitational radiation can damp the radial oscillations very efficiently. The frequency of the gravitational waves is equal to ω = 2π/τ , where τ is close to 5 × 10 −4 s for a typical neutron-star model 55 (corrected for the gravitational redshift) with mass M ∼ 1.8 M and radius R ∼ 10 6 cm. The strength of the waves can be estimated using the quadrupole approximation to the Einstein field equations. 115 This approximation shows that the gravitational strain is given by
where Q is the source's quadrupole moment, 21 r is the distance of the source from the Earth, and α is the relative oscillation amplitude (= δR/R). Particularly, in the case of phase transitions of neutron stars with stiff EOSs to stars with kaon condensation cores, α is expected to be about 0.1. Furthermore, the characteristic gravitational strain is
where n is the number of cycles of gravitational waves in the duration ∼ τ g . The observed number of low-mass X-ray binaries in our Galaxy is ∼ 10 2 , 126 and thus the rate for phase transitions of their neutron stars is ∼ 10 −6 yr −1 because the typical accretion timescale is ∼ 10 8 years. An alternative estimation based on the number of millisecond pulsars and their life time also gives a similar value.
24 Therefore, the rate detected by the advanced LIGO detector 1 is estimated to be about three events per year.
Are soft gamma-ray repeaters strange stars?
The soft gamma-ray repeaters (SGRs) are a small, enigmatic class of gamma-ray transient sources. There are three known SGRs: SGR 0525-66, SGR 1806-20 and SGR 1900 + 14, which are characterized by short rise times (as short as 5 ms or even much shorter) and duration (∼ 50-150 ms, FWHM, some less than 16 ms), spectra with characteristic energies of ∼ 30-50 keV and little or no evolution, and stochastic burst repetition within a timescale of ∼ 1 month. The recent observations, which have been summarized in Cheng & Dai, 26 show that the repeaters may be young, magnetized neutron stars which power the surrounding luminous plerionic nebulae.
There have been three classes of models for explaining the energy source of SGRs: accretion of neutron stars, glitches of normal pulsars, 46 27 proposed a plate tectonic model for strange stars which is, in principle, similar to that proposed by Ruderman 108 for neutron stars. As described by Chau, 22 there might exist two different types of quantized flux tubes in the core of a strange star. The first type of flux tubes are formed when the stellar magnetic field penetrates through the superconducting core. The second type of flux tubes (vortex lines) result from the requirement of minimizing the rotating energy of the core superfluid. When the star spin down due to magnetic dipole radiation, the vortex lines move outward and pull the flux tubes with them. Inductive currents do not strongly oppose this flux tube motion because of current screened by the almost perfectly diamagnetic superconducting quarks. However, the terminations of flux tubes are anchored in the base of the highly conducting crystalline crust.
As such a strange star spins down, the quantized vortex lines move outward and drag the magnetic field tubes because of the strong coupling between them. Since the terminations of the tubes interact with the stellar crust, the dragged tubes can produce sufficient tension to crack the crust. Parts of the broken platelet will be dragged into the quark core, which is only 10 4 cm from the surface, leading to the deconfinement of crustal matter into strange quark matter and thus the release of energy. They show that the burst energy, duration, time interval and spectrum for our model are in agreement with the observational results.
This model is also used to discuss the persistent X-ray emission from SGRs. If the sources are normal neutron stars with typical magnetic fields of ∼ 10 12 G, it is obvious that the persistent X-ray luminosities from SGRs may not be explained by the surface blackbody radiation. This is because calculations for the cooling of neutron stars predict that after (0.5 − 1) × 10 4 yrs the bolometric luminosities will be at least two orders smaller than the persistent X-ray ones from SGRs. Recently, Usov 123 suggested that if the sources of SGRs are magnetars the persistent Xray emission may be the thermal radiation of these stars which is enhanced by a factor of 10 or more due to the effect of ultrastrong magnetic fields. We can also explain the observed persistent X-ray emission by using our model. After each cracking event, roughly half of the resulting thermal energy from the deconfinement of normal matter into strange quark matter will be absorbed by the stellar core and thus the surface radiation luminosity at thermal equilibrium may be estimated to several 10 35 ergs s −1 . This estimated luminosity seems to agree with the observed ones from SGRs.
Is GRO J1744-28 a strange star?
GRO J1744-28 is a new type of X-ray transient source, which was discovered on 1995 December 2 by the Burst And Transient Source Experiment (BATSE) on the Compton Gamma-Ray Observatory. 49 The bursts were detected up to energies of ∼ 75 keV; their intervals were initially about 200 seconds. After 2 days the burst rate had dropped to about one per hour. 81 However, by January 15, the burst rate had increased to ∼ 40 per day. The burst durations are centered at ∼ 10 s. The burst fluences (25-60 keV) range between 1.7 × 10 −7 and 6.8 × 10 −7 erg cm −2 ; the average fluenceS = (2.7 ± 0.9) × 10 −7 erg cm −2 . The direction of the source is at the Galactic Center. For a distance of ∼ 7.5 kpc, the average peak luminosity is ∼ 2 × 10 38 erg s −1 . Analysis of the BASTE data indicated that the source is a binary pulsar with a period of 0.467 s, a companion of mass of 0.22-1.0 M , and a binary orbital period of 11.8 days. 41 Because the X-ray mass function is extremely small (∼ 1.31 × 10 −4 M ), the system must be nearly face-on with an inclination angle of ∼ 18
• . 41, 48, 114 Furthermore, in order for the measured period derivative to be consistent with the standard accretion torque theory, 62 the persistent luminosity of the source at its peak amplitude should be close to the Eddington limit and the surface dipole magnetic field of the pulsar should be less than 10 11 G. From the observed pulsed fraction and pulsar's X-ray spectrum, one believes 41 that the strength of the local surface magnetic field is several 10 12 G. In addition, the PCA experiment (2-60 keV) on the Rossi X-Ray Timing Explorer (RXTE) 54 had detected GRO J1744-28 in the period 1996 January 18-May 10. Its observations showed that following the earlier large bursts the flux dipped below the preburst level by up to 25%-30% and then made a slow quasi-exponential recovery back toward the preburst level. The recovery period could last up to ∼ 1000 s although most bursts recovered in a few hundred seconds.
The properties of the hard X-ray bursts (hereafter HXRBs) from GRO J1744-28 differ markedly from those of other known high-energy bursts -X-ray bursts, soft γ-ray repeaters and classical γ-ray bursts. First, the HXRBs are almost certainly not type I X-ray bursts for several reasons shown in Lewin et al.. 85 Thus, thermonuclear flashes in matter accreted on the surface of a neutron star may not be thought as a mechanism of the HXRBs. Second, the durations of the HXRBs are several hundred times longer than those of the three soft γ-ray repeaters even though these two kinds have similar repetition and spectra. Third, the HXRBs are very different from classical γ-ray bursts, which show no evidence of fast repetition and whose spectra are much harder. On the other hand, the properties of the HXRBs are somewhat similar to those of type II X-ray bursts from the Rapid Burster. 85 This leads to a suggestion that some accretion instability may be a mechanism of the HXRBs. Very recently Cannizzo 20 studied the global, time-dependent evolution of the Lightman-Eardley instability, which might account for some observational features of the HXRBs.
Recently, Cheng, Dai, Wei & Lu 28 suggested that this unusual HXRB source could be a strange star accreting matter from its low-mass companion. When the stress produced by the accreted matter exerts on the polar cap exceeds some critical value, its crust will break. After crust breaking occurs, the accreted matter will fall into the strange-matter core in a time scale of ∼ 1 ms. Subsequently two kinds of energy will be released: (1) gravitational energy ∼ 2 MeV per nucleon, which is due to the movement of the accreted matter from the stellar surface to the crustal base; (2) deconfinement energy ∼ 30 MeV per nucleon, due to the conversion of the accreted matter to more stable strange matter. 13 The total released energy is 
where ∆M is the mass accreted in the accretion column, m p is the proton mass, L * is the total accretion luminosity in units of 2 × 10 38 ergs s −1 (the Eddington limit), and B * is the surface dipolar magnetic field strength in units of 2 × 10 10 G which is close to the value derived in Sturner & Dermer.
114 The interval between crust-breaking events can be written as
where θ −3 is the shear angle in units of 10 −3 . This amount of energy will be released in terms of relativistic fireball. The expanding fireball will interact with the surrounding interstellar medium and its kinetic energy is finally radiated through the synchrotron radiation process in shocks with the characteristic energy ε p ∼ 1θ 
where n 0 is the interstellar density (∼ 1 cm −3 ). This timescale is also consistent with the typical, observed durations of the HXRBs.
The observations show that following the large bursts the flux dipped below the preburst level and then made a slow quasi-exponential recovery backward to the preburst level. We can estimate the recovery timescale as follows. When a burst occurs, the huge radiation pressure will push the accretion matter outward over a distance ∆r ∼ Eγ RAvr LR pulsar , where L is the accretion luminosity and v r is the radial velocity of the accreted matter. After a burst, the accretion matter will refall toward the strange star over a time
which is consistent with the typical, observed recovery timescale.
The observations from RXTE 113 also showed that the small X-ray pulses still exist during the bursts except that the pulse phase is shifted by 28 ms and even larger than 80 ms during the peak of the burst. Miller 96 has considered the flow to be asymmetric such that the emission region forms an arc partially surrounding the magnetic pole. Changes in the inner radius of the disk produce rotation of this emission region about the pole, which could produce a significant phase shift in the pulsar. This may also be understood in our model. Although accretion has stopped during the bursts, in fact the accretion column should be blown off, the polar cap still maintains its temperature in a timescale C v T /L x ≥ 10 3 s (where C v is the stellar heat capacity). During the accretion phase, X-rays are expected to be emitted from the accretion column because the accretion rate within the polar cap is super-Eddington. 81 There are strong evidences that many stronger multipole fields exist on the surface of neutron stars, e.g. cyclotron lines of Her X-1, coherent radio emission from very near surface of pulsars etc. Such stronger multipole fields can bend accretion column, say out of the plane of the rotation axis and the magnetic dipole moment. As a result, the peak luminosity of the X-ray emitted from the accretion column is not on the plane of the rotation axis and the magnetic dipole moment during the accretion phase. On the other hand, during the outburst the accretion column is blowing off and we are actually looking at the polar cap so the peak luminosity of the X-ray should be on the plane. The phase lag could be 90
• (120 ms) or more depending on the way of bending of the accretion column by the local multipole field. We want to make two remarks. (1) The physical separation between the polar cap and the accretion column does not play an essential role on the phase lag. It is the way of bending of the accretion column to determine the maximum phase lag because the convex side of the accretion column will emit more X-rays than that of the concave side. In fact, this is generally true for other models in which steady X-rays are from accretion column and the phase lag X-rays are from polar cap. (2) Exactly when the phase lag becomes maximum is determined by the distribution of the nearby material which determines where the shock should be formed. 
